Dielectric permittivity and loss of BiFeO (BFO) and 5 mol% lanthanum-substituted BFO [ Bi La FeO or BFO-5% La] ceramics have been carried out as functions of temperature and frequency. A frequency-dependent and broad dielectric shoulder and maximum were observed in BFO and BFO-5% La near 600-700 K. These dielectric responses are likely due to the magnetoelectric coupling while the antiferromagnetic-paramagnetic transition takes place near the Néel temperature. As an approximation, a barrier model with intrinsic barriers B (in temperature unit) every lattice constant and extrinsic barriers B every distance is introduced to describe the low-frequency upturn in dielectric loss in the high-temperature region. Good qualitative fits are obtained for BFO and BFO-5% La. This work suggests that 5 mol% La substitution can enhance dielectric response and considerably reduce electric conductivity.
I. INTRODUCTION

M
ULTIFERROIC materials enable a coupling interaction between ferromagnetic (FM) and ferroelectric (FE) parameters, which attracted much attention in recent years. This coupling interaction, called the magnetoelectric effect, can be utilized to develop additional functionalities that induce magnetization using external electric field or FE polarization using external magnetic field. The single phase multiferroic BiFeO (BFO) is perhaps the only material that possesses both magnetic and FE properties at and above room temperature. BFO has a relatively high antiferromagnetic (AFM)-paramagnetic (PM) Néel temperature at 625-670 K and FE Curie temperature at 1083-1143 K [1]- [5] . A rhombohedral structure of space group ( 5.616 and 59.35 ) was reported for bulk BFO solution [6] , and can also be indexed based on the pseudo-cubic lattice ( 3.96 ) [7] . The neutron powder diffraction suggested that BFO undergoes a first-order phase transition at 1093 K from a FE rhombohedral to a paraelectric (PE) orthorhombic GdFeO -type structure [8] , [9] .
It has been a challenge to synthesize single-phase BFO ceramics with promising magnetization and FE polarization, because current leakage and second phases can easily occur during the sintering process [10] . Most reported BFO ceramics exhibit a small remanent magnetization and FE polarization [9] - [12] . To enhance FM and FE features, many studies have focused on substituted BFO ceramics with various ion substitutions in the A or B sites of the perovskite structure [13] - [18] . In particular, A-site substitutions of rare-earth cations are expected to suppress the spiral magnetic modulation and thus enhance an FM response [9] .
Manuscript received February 20, 2011 [19] , [20] . Below 10% La substitution, Bi La FeO maintains a rhombohedral structure. Structures change to orthorhombic and tetragonal for Bi La FeO and Bi La FeO , respectively [21] .
Though BFO and Bi La FeO have been studied extensively in recent years, their temperature-and frequency-dependent dielectric response and magnetoelectric coupling still lack understanding. The main focus of this work is to develop a 1-D barrier conductivity model to explain the large low-frequency upturn in dielectric loss upon heating. Another aim is to study the La-substitution effect on dielectric response in BFO ceramics.
II. EXPERIMENTAL PROCEDURE
The BFO and BLFO ceramics were prepared by the solid state reaction method. For synthesis of BFO, starting powders of Bi O and Fe O (purity 99.0%) were weighed in 1:1 ratio and then mixed in an agate mortar for more than 24 h using alcohol as a medium. The mixture was dried before calcining at 1073 K for 3 h. The calcined powder was mixed with polyvinyl acetate as a binder for granulation. The ground mixture was then pressed into a 1.0-cm diameter disk, which was sintered at 1023 K for 1 h. For synthesis of BFO-5% La ceramic, starting powders of Bi O , La O , and Fe O were weighed in a 0.95:0.05:1 molar ratio. The calcined disk was sintered at 1153 K for 0.5 h. The densities of both ceramics are higher than 90% of the theoretical values.
For structural study, a Rigaku Model MultiFlex X-ray diffractometer was employed. A Wayne-Kerr Analyzer PMA3260A was used to obtain the real and imaginary parts of dielectric permittivity.
0018-9464/$26.00 © 2011 IEEE Fig. 1 . Room-temperature XRD spectra of (a) BFO and (b) BFO-5% La ceramics. " " corresponds to second phases. III. RESULTS AND DISCUSSION Fig. 1 shows room-temperature XRD spectra of BFO and BFO-5% La ceramics. BFO and BFO-5% La show a similar XRD spectrum and have a rhombohedral perovskite structure. Some minor second phases occur in BFO and are possible Bi FeO or Bi Fe O as indicated by " " [6] . BFO-5% La exhibits less second phase, implying that the A-site La-substitution can stabilize the single-phase perovskite structure.
Figs. 2 and 3 show temperature-and frequency-dependent dielectric permittivities ( and ) and dielectric loss of BFO and BFO-5% La. In BFO-5% La, the dielectric maximum of in the region of 600-700 K exhibits a broad frequency dispersion that shifts to higher temperature as frequency increases. The of BFO exhibits a rather broad shoulder followed by an exponential increase upon heating. The frequencydependent broad dielectric maximum or shoulder in the region 600-700 K is likely activated by the AFM-PM transition near the Néel temperature [22] . The room-temperatures of BFO and BFO-5% La are about 60 and 70, respectively. As shown in the insets of Figs. 2(c) and 3(c), the dielectric losses of BFO and BFO-5% La ceramics at room temperature are about 0.1-0.2 and 0.02-0.05, respectively, indicating that 5 mol% La substitution can considerably reduce electric loss. BFO and BFO-5% La exhibit an exponential upturn in upon heating with magnitude proportional to . This is illustrated by plots which almost superimpose in the same upturn curves above 600 K for different frequencies in the insets of Figs. 2(b) and 3(b) . A broad maximum or shoulder appears in the low-frequency dielectric loss above 700 K in Figs. 2(c) and 3(c) . These high-temperature dielectric responses indicate the phase-shifted hopping conductivity associated with a barrier distribution [23] .
As an attempt to understand the low-frequency and high-temperature dielectric anomalies, a 1-D barrier model was derived in the Section IV. The attempt frequency for crossing the barriers is , where , , and are the Boltzmann constant, Debye temperature, and Planck's constant. The complex ac conductivity can be defined as (1) and are conduction current density and the displacement current density.
is the spatially averaged measured field, whereas is position dependent. The complex dielectric permittivity is related to ac conductivity by (2) where is the MKS constant 8.854 10 C /Nm . For highfrequency conductivity, we assume conductivity with a temperature-independent carrier density and carrier charge . The high-frequency conductivity , taking into account that the number of carrier per unit area in a unit-cell layer on either side of a barrier layer is and their attempt frequency for crossing the barrier is , can be expressed by (3) Using the Gauss law and the diffusion equation , (1) becomes (4) and are diffusion coefficient and charge density. The Einstein relation , , and were used in (4) .
is the drift velocity. Taking the derivative of (4), we have (5) To eliminate and , the 1-D Gauss's law and continuity equation were used in (5), i.e., (6) This equation is separable, and we may assume (7) for which the equation becomes (8) The solution for is (9) For a neutral material, at the midpoint between higher harriers is expected, so . Then, (7) becomes (10) From here on, the time dependence will be omitted in expressions for , , and . We next need to find expressions for the total current and for the average field . Since is position independent, we choose to calculate and at the high barriers. From (4), the current density at can be expressed by (11) The difference in carrier density across the higher barriers is (12) Thus (13) where . Using (4) and , we obtain (14) Then, (13) becomes (15) From (14) and (15) 06 eV) , respectively. The discrepancy between the barrier-model fits and experimental data could be due to other conductivity contributions, such as having both ionic and electronic conductivity, and to actual higher barriers having a distribution of spacings and heights . The larger discrepancy below 750 K in BFO may imply that the electronic conductivity contributes more in BFO than in BFO-5% La.
V. CONCLUSION
A frequency-dependent and broad shoulder and dielectric maximum occur near 600 and 700 K, respectively, in BFO and BFO-5% La ceramics and are likely triggered by the magnetoelectric coupling where the AFM-PM transition proceeds near the Néel temperature of 625-670 K. A 1-D barrier model can qualitatively fit the large low-frequency upturn in dielectric loss upon heating. The 5 mol% La substitution can enhance dielectric response and considerably reduce electric conductivity. 
